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ABSTRACT 

This report covers those aspects of the rotary-regenerator gas- 
turbine-cycle combination that hare not yet received treatment. 

.     j The space requirenents of heat-exchangers for gaa-turbine-cyoles 
are discussed and an analysis is made to illustrate the size advantage of 
the rotary-regenerator. 

I 
An analysis for rotary-regenerator leakage is presented and the 

verifying results of experimental tests of a simulated sealing situation are 
included. The effect of leakage on the calculated regenerator effectiveness 
is analysed* 

The optimum efficiency conditions,, of the g&s-turbine cycle inolud- 
ing leakage and pressure loss are studied! and a sample regenerator design 
for & specifio gas turbine plant is carried as far && the presentation of 
design point curves for siting the rotary-regenerator. 

A method of reducing leakage is presented and the results of 
experimental verification are shown. 

i 

Conclusions are drawn regarding the best general configuration of 
the rotary regenerator •with respect to the leakage problem. 

I.    HJTROBPCTIOn 

Ileat exchangers that store energy in a solid medium, by virtue 
of a temperature ri«e, during the passage of a hot gas and reject it during 
the passage of a oolder gas are usually only found in regenerative appli- 
cations in whioh what would otherwise be waste heat is reoovered and used 
to the benefit of the process.    Hence, storage heat exchangers are oommonly 
called regeneratore.    They have been in use for many years in oorneotion with 
open hearth furnaces, glass ovens, and blast furnaces-    Such regenerators 
have large brioknork matrices for a storage medium, and the alternate flows 
of air and hot gas are controlled by valves*    A duplicate regenerator is 
usually employed to insure continuity of operation as the reversal period 
may bs long as an hour.    The classical regenerator analyses of Hausen (IS) 
and Nusselt (24.) were oonoemed with this type of regenerator. 

In the rotary-regenerator, Fig. 1-1, the matrix (or storage 
medium) is mounted on a disk or drum which, as it slowly rotates, is passed 
through the hot and oold streams.    Hear is transferred to the matrix while 
in the hot streaa, and from the matrix while in the oold strear..    The net 
result beiiig a heat transfer from the hot stream to the oold stream.    A 
sealing system separates the flow streams and serves us a valving systems 
The rotary-regenerator is known as a cross-flow regenerator, as relative 
to the gas streams, the solid is passing in oross flow.    A longitudinal 
flow regenerator is possible, and would utilize a ohain or thin disk type 
maurix rotating in the plane of the flow streams.    Cox and Stevens  (8) 
show that a longitudinal flow regenerator is very sensitive to the relative 
velocity between matrix and fluid.    This thesis is only oonoerned with the 
cross=flow type rotary regenerator. 
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The rotary-regenerator made its appearance in the Ljungatrom air- 
preheater tihioh is used in many steam power plants to preheat the combustion 
air by heat transfer from the flue gases*    The oonoeption of a rotary- 
regenerator for use as a gas-turbine plant heat exchanger is generally attri- 
buted to Bitz  (26).    Rotary-regenerators for this service have been the 
subject of a number of theoretioal and experimental investigations in reoenfc 
years.    Ho rotary-regenerator suitable for industrial type gas turbine plants 
is lcn«wn to have been built at this time. 

This thesis analyses the effeot of the rotary-regenerator on r'je 
gas turbine cycle, and includes the results of an experimental investigation 
of the seal leakage flow.    The object is to enable unified design of the 
gas-turbine oyole, rotary-regenerator combination as their performance 
parameters are olosoly related. 

I 

II.    THE SPACE REQUIHEnEHTS OF KEOEKERATIva 
IIEAT-EXCIIAIIGERS II! A GA3 TURBIHE CYCLE 

The simple CBT1 gas-turbine oyole has a relatively low thermal 
efficiency oompared to that of conventional prime covers.    Other than in- 
creasing the compression ratio to 12 or 16, end vith it the upper temperature 
level, an improvement can only be attained by addition of a regenerative 
heat-exohanger.    Interoooled compression and re-heat expansion, while 
increasing the speoifio work output, reduoe the thermal efficiency unless 
in a regenerative oyole„ 

If conventional shell and tube type heat-exohangere xrith. normal 
tube diameters are used in a gas-turbine cycle a very large unit results if 
a high thermal recovery is desired.    The thermal reoovery system at the 
Besnau 40,000 kw plant In Switzerland, oooupioa a space 216 ft, by 29 ft. 
(2) and illustrates this point.    V.hile stationary power plants have almost 
unlimited space available, the equipment and building costs might well make 
a more compact recovery system desirables 

The use of a CBTX locomotive cycle probably represents the 
extreme of restricted space in non-airoreift applications.    The shell and 
tube heat-exchangers in Brown Boveri built locomotives (s), while using 
considerable space arc only about 4C# efi'eotive giving a thermal efficiency 
for the oyole soaroely different from that obtained with CBT cyole locomo- 
tives in the United States and Englardo    A compact heat-exohanger of high 
effectiveness would be most desirable in this application as the gas- 
turbine looomotive will have to oompete with the highly effioient diesel 
type. 

The conventional notation*    C-comprsssor, B-bumer or combustion chamber^ 
T-turbine, I»heat exchanger. 

4-4  
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The space requirements for ship propulsion gas turbine plant heat- 
exchangers would depend on the type of vessel and would be of importancee 

In airoraft applications the regenerative cycle could only be 
used, on turbo-prop engines.   rftiile Ritz's original rotary regenerator 
studies were for this application, the weight and the duoting complications 
rule out all recovery systems with the possible exception of the liquid 
ooupled systemo 

The preceding discussion indicates that a gas-turbine plant hsat- 
exchanger should occupy the smallest possible volume.    A brief study of the 
flow friotlon and heat transfer relationships indioate that small heat- 
exchanger volume oan be attained with passages of small hydraulic diameter 
(neglecting fouling problems for the present).    As passage size is reduced 
the number of passages increase while the passage length must deorease if 
the pressure losses are *"o be maintained oonstante    The conventional counter- 
flow shell and tube type haut-^jtohanger cannot sxplcit this characteristic 
very far as a large number of small tubes introduce construction difficulties 
and short tube lengths prevent the use of counterflow. 

THE CRCSS-FL07T FLATE-FIH HEAT EXCHANGER 

The oross-flow plate fin heat exchanger. Fig. 2-1(a) oan utilize 
small size passages without difficulty.    This type of exchanger is 
analyzed in Appendix A for the conditions of a gas turbine cycle having 
a cold stream at 60 paia and 400° F, a hot stream at 15 peia and 1140° F, 
and a flow rate of 45 lb/sec.   (approximately equivalent to the conditions 
of a 4000 H.P. plant).    The heat exchanger is assumed to have a constant 
temperature effectiveness  n~. of 0*80 and a constant pressure loss 

(~)    * («f )    - 0.04 P   0        F   A 

The solution for minimum exchanger volume as a function of plate spacing X 
is shown by Fig. 2-1(b)e 

Fig* 2-1(b) shows the deorease of exchanger volume as passage 
size is decreased and also the reduction of passage length (L   and I>a/C    As 
the air and gas passages are perpendicular to eaoh other, the height "of 
the plate pile I*j, increases rapidly as L. and Ln deorease.    For 25 plates 
per inch (l • 0.&4 in.) the dimensions are 0.13~ft. by 0.7 ft„ by 150 ft. 
Thus, while a plate-fin heat exchanger can be of small volume its dimensions 
beoom© unwieldy»    The total length I*- would have to be divided into a number 
of interconnected units* 

THE ROTART REGEHERATOR 

In Appendix A a rotary regenerator is analyzed under the same 
assumptions as the preceding cross-flow exchanger, using the same plate- 
fin type of ntirfaoe, and solving for minimum exchanger volume as a function 
of plate speolng X«    (The rotary regenerator heat traaufsr relations used 
are discussed in detail  in Scotion III). 

• rsitfm'MUti^ 
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The results of this calculation are shown by dotted lines on 
Pig. 2-1 (b)c    Here the volume oan be soen as essentially the same as for 
the cro«js-fl.aa type, but exchanger dimensions as given by length L_ 
diameter D   remain reasonable even for the smallest plate spaoings.    Thus, 
a rotary regenerator oan be made small in volume and still be built in a 
single unit up to quite largo flew oapaoities©    In addition to this 
advantage, the adjacent passages do not have to withstand the full pres- 
sure difference as a large number of them will bo under the seal shoo at 
one time and the pressure difference between adjacent passages will be 
small. 

Another possibility is to completely  separate the pressure 
retaining and the heat transfer components of the rotary regenerator.    This 
can be accomplished by constructing a compartaented rotor,,    The eempartnent 
walls together with the seal shoes will prevent leakage and retain the 
pressures•    The matrix will be individually mounted in eaoh compartment 
sad may oonsist of layers of wire screen or any other finely divided mate» 
rial which gives the desired heat transfor and flow friction character- 
istioso 

A fouling problem will be present in any heat exchanger with 
small flow passages but to some extent the rotary regenerator will be 
self-clearing as the air and gas flows take place in opposite directions 
in the same passageso    Additionally there will be fairly sudden pressure 
changes when a passage or oemparbment passes under the seal shoes result- 
ing in rapid changes in local velocity within the matrix.,, 

The preseeding discussion has pointed out the characteristics 
of the rotary regenerator which lead to considering it for application 
as a gas-turbine cyole heat exchangerc    Together with these, the inherent 
disadvantages of the rotary regenerator! namely loss of compressed air 
due to the positive displacement occasioned by the rotation of the matrix 
and due to leakage through the olearonoes of uhe sealing arrangements« 
These problems are discussed in more detail in the following sections• 

III.    HEAT TRAHSnaa RELATIONSHIPS IN THE 

ROTARY REGBUBRATOR 

Rotary Regenerator Theory* 

Fig. 3-1(a) represents a passage from the regenerator matrixo 
During the hot flow period, hot gas at a constant initial temperature In- 
flows through the passage at a oonstant flow rate T7   for the duration 
of the period ©_•    Then air enters the same passage from the opposite end 
at a constant initial temperature T_  and constant flow rate V7   for a 
period of letigth ©_. 
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Fig. 3-1(b) is a passage element during the gas flow periodo 
The principal assumptions made arei 

le    infinite thermal conductivity in the passage 
wall perpendicular to tlio gas flow. 

2»    zero thermal Conductivity in the passage 
wall parallel to the gas flow, 

T'Jieee assumptions become exaot as the thiokness of the passage 
wall approaches zero.    Assumption (l) h&£ besm analysed by Saunders and 
Snolenioo (30) and they show that for an error of 0,b% oer&nic walls must 
be less than 0.05 inches thick, and for steel less than 0,2 inches. 
Assumption (2) is negligible for ceramic matrices cr for packed matrioes 
(such as 8oreens)o    For continuous metallic walls the effect is slight 
and has been evaluated by Schults  (SiO and Hahnoaann (10)„ 

under these assumptions analysis of Fig.  5-i(by will lead to 
the differential equations 

3.{ 

where 

•\ 

~bTa 
•5^-TH- •Ts 

0* V \ 

At* hi 
rn 

oi 
\* "H" 

ATfcE 
11*0 

*H 

3.2 

Equations (5.1) together with an identical set relating the 
variables during the air blow period must be solved under boundary condi- 
tions which fix the entry oondition of gas and air temperature, and the 
temperature gradient in the passage walls at the ends (assumed equal to 
zero)| together with a reversal oondition whioh iixes the temperature 
gradient in the passage «a."lls at the end of one period equal to that at 
the beginning of the nerfc*> 

Solutions have been obtained by Ilausen (13)9  Iliffe (16), Saun- 
ders and Snolenieo  (30), Boosted  (4) and Johnson (17)% and their scope and 
limitations are summarized by Coppage and London (6)„    These results 
involve finite difference methods at setae stage of solution.    Fig„ 3-2 
shows the solution of Saunders end Snolenieo for the symmetrical regenera- 
tor A- •» A„j   TT_ » tr_ * 

11 v Jt \i 

I 
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Approximate solutions are obtained by Tipler (2C)( Coppage and 
London (6) and Sehaok (52)„    Coppage and London hare extrapolated the 
more exaot solutions by use of their approximate results to allow for 
variations in the flow heat capacity rates and for non-symnietrioal 
regenerators*    Harper, in the discussion to reference  (6), presents a 
partially emperioal closed form equation for rotary regenerator internal 
effectiveness as 

A. 
I! RI iR§K + 1 

-m 2 
3.3 

where 

A.-A, 
r i 

•   ,     Ac 3.4- 

•which is accurate r3.thin about tT?o percent arror the range 

i < A0 ^ 10 

0  < (- ) *   1 

Equation Ss5 enables a close value of the effectiveness to be 
obtained without requiring interpolation of values from a series of 
graphs. 

HEAT TRA3SFEE AKD PLOT 5BICTIC0 DATA 
FOR MATRIX MATERIALS 

neat transfer and flow friotion data for materials suitable for 
use in rotary regenerators has till recently been scarce«    The most com- 
plete worlc dealing with rotary regenerator natrioes is that of Coppage (7) 
whioh contains the results of extensive experimentation with wire screens 
and spheres, and includes a large bibliography of related topics0    Kays* 
London and Johnson (15) give data for plate fin type surfaoesj and Sounders 
end Ford (29} and Rose (26) give data for beds of granular partioleso 

I' 
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3V. ROTARY REGEHERATQR LEAKAGE 

GSifcRAL DI8CUSSI0U OF LEAKAGE 

The prevertion of leakage flow between the hot sad oold streams 
in a rotary regenerator presents a design problem, the tsuooess of whioh 
will determine the suooess of this form of heat sxehenger. 

The sealing problem TTill be severe in applications suoh as the 
gas turbine where a high pressure difference exists between the two 
streams. The sealing arrangements must adoquately prevent leakage flow, 
and at the same time not introduoe high resistance to rotation. Ifegleot- 
ing small aerodynsmio effects2 the power required to rotate the rotor is 
entirely absorbed in friction. Since this power input is oharged directly 
e gainst tno heat exohanger, the friction loss must be small» 

Leakage in a rotary regenerator in a gas turbine oyole involves 
the loss of oQQpreseed air to the low pressure exhaust side. This loss is 
occasioned by flow through finite clearances and by the positive displace- 
ment of air trapped in the matrix voids as the rotor rotates. 

The sealing arrangements are or two general types t continuous 
cylindrical seals similar to a shaft seal, and the main seals whioh divide 
the high and low pressure sides in the plane of fluid streams. The seals 
must aooomodate deflections of the rotor duo to thermal distortion and 
the main seals must be loaded to balance the pressure existing beneath 
their sealing faces. The continuous cylindrical seals oan be handled by 
careful mechanical design. The main seals present a more difficult 
problem because of the effect of the displacement or carry over loss and 
the pressure fcroes on the sealing face whioh mist be balanced* 

The main seals are analyzed in this report to study their prob- 
able leakage characteristics and the results of experimental tests on 
this type of seal is recorded. 

AHALYSIS OF THE LTAIH SEAL SHOE LEAKAGE 

The two possible classes of sealing arrangeme.it in a rotary 
regenerator are shown in Fig. 4-1. Fig. 4-1 (a) illustrates the oaee 
where the seal bears direotly upon the regenerator matrix. This type 
assumes the use of a matrix of passagest  the walls of whioh prevent the 
direct flow of air from the high to the low pressure side. Such a matrix 
could be made up of a close packed bundle of fine tubes, or from various 
arrangements of flat and corrugated plate. As shown in the illustration, 
a number of these passages would be between the seal shoes at aay instant 

ifryniszak (14. 14a) proposes to drive a rotary regenerator by install- 
ing guide vanes and rotor (matrix)blades. 

IA3? 
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so that the pressure difference to be retained by a single passage vail 
is a small part of idle total pressure difference. 

Fig, 5-1 (b) illustrates the ease where the seal bears against a 
system of rotor ooopartments.    This type of rotor oust be used *ahere packed 
screens or other porous matrix types are to be usod,    Hore too, a msaber 
of compartments are underneath the seal at any instant, 

A oroos section through the seals of Fig, 4-1 is illustrated 
sohematioally in Fig, 4-2(a) where the important relationships are repro- 
duced. 

Hare the olearanoe S through which leekage will take place is 
shown,    Uovenent of the matrix will «**«<»« «• posit ire displacement of air 
from one side to the other.    The probable shape of the pressure gradient 
under the seal shoe is also indicated* 

The leakage at the seal may be analyzed if the following assump- 
tions are laadei 

a) low air and gas velocities approaching the matrix. 

b) low velocity of matrix movement oaapared with the 
air velocity under the sealing re strict ions, 

e)   that the flow under the seal shoe past a passage 
end is similar to flora through an orifioco 

d) neglect the resistance to flow of air from within 
the passage, i.e. the air pressure within the 
passage is eqn*I to that at tho seal face, 

e) sufficiently large number of passages, U, under the 
seal shoe for Ap between adjacent passages to be 
small, 

f) that a mean temperature can be used for the air 
trapped within half a passage, 

g) that the temperature during the expansion of the air 
trapped in a compartment is constant,  (isothermal 
expansion), 

Assumptions (a),  (d) and (f} enable the matrix and rotor to be 
split on the center plane and the passages considered to be olosed off at 
that plane,    ThusV Fig, 4«2(b) will be analysed and considered equivalent, 
with respect to the leakage, as Fig. 4-2(a). 

5,    Appendix 2 - "The Effect of Passage Resistance on Leakage Flow," 

i 
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Since the -velocity of matrix w*ms.sni.t St is nuoh less than the 
gas velocity undor the rostrlotions (assumption b). Tie nay assume that vis- 
cous effects duo to matrix movement does net change the form of the flop? 
Hence, the flow rate through a given restriction will be assumed to be a 
function of the pressure, and the pressure difference,  (assumptions (c) 
and (e)  ) similar to flop through an orifice whore the critical pressure 
ratio has not been cached.    Thus, from equation B«.9 of Appendix B 

VL   -CCVSL/-   §-PxAlf 4ol 
X \ X ' 

In order to simplify the analysis cf the combined off not a of the 
flow duo to olearanee and the flow due to matrix movement the pressure 
under *he seal shoe tdll bo assumed a continuous function of X.    This 
assumption becomes more oorreot for a large number of passages<,    In addi- 
tion the large heat oapaoity of the matrix material in each compartment 
compared to that of the trapped air will be assumed to oause heat transfer 
sufficient to maintain T    constant in successive oompartmonts equal to 
T    (assumption g). x 

o 

Since AP » H   Ax 

AX-* 

L    dP .  ^ AP • £   ~ 4.2 
iT.   dx 

Rearranging equation 4.1 and introducing 4.2 

1 J 

x 

1 
where A»<K>:SL    ( n,^   ) 4.3a 

At any point X under the seal shoe the displacement flow due to 
matrix movement Trill be proportional to the density end the free volume 
flow rate ! 

i 

TL    •   O (vol. flow rate) 

V ?, Ts *•* 

RSi 
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?here /VA' is tho free volune of rotor and matrix beneath the seal shoo at 
My cse tine.    For disk type rogenerators where angular noasure is more 
represent attve of sealing length equation 4»> would beoome 

TT„   -    Pft  ^o w 

As a function of pressure equation 4*4 oan be written 

4.4a 

JL 

TT. D  mWTs 
X o 

or 

«rhere 

WD « UPS 

B 
•7 

4,6 

-looa 

Since the temperature Is constant, by assumption (g}» and 
since P is a function of Z» and since the total leakage n„ oust be oou- 
stant from continuity considerations we hswe 

but 

therefore 

nT- \ 
(P) + WD (P) 

WT- "L (x) D 
(x) 

- 0 

dTTL 

dx 
•   m 

ox" 

4.6 

4.7 

Using 4.5 and 4.5 in 4«7 *ill give 

(*)
2*,..0.2SP^(.*)T 

'dx' dx' 4.8 

*-     BS  4,8a 

the differential equation defining the relationship whioh most exist between 
the pressure and the distance along the caled area.4 

\~ith the substitution dp 

Cdx° 
a   V 



! 

! 
» 

- ii 

I1 £ZmV^ • —*• • y-jfc 4.80 

equation 4.8 nay be rearranged to give 

1 

with the substitution       p * * 

Sim «  • J»* 

equation 4*9 beeowei 

dP dP • 

d* dP   5o 

Integration of 4.10 gives 

"2" 
in   JL^h       • Ai P + o' • to Po 

5»"i/i{ -1 

•which, on olearing of logs and rearranging gives 

Using oquatirms 4*8a and 4*10 in 4011 gives 

v2 

.\» 

dP 
dz 

4.10 

4.11 

-P(po--S) «•» 

4»    If 4»1 had been obtained from B.8 instead of B»9 the differential equa- 
tion would be 

60    If 4 08b had been solved this result would give 

dx . dP 

2.(1 *§.)QBi^{l  •§.}.!) 
•D 4«10a 

Hi 



r ~ 12 

Be arranging 4.12 and integrating between lied/Ha 

,P ,x 
f PdP 

' dx 

giving 

1 - ^ oPj^      1 - k cP 

1      .     T    -T 
1»: -^ w 

1 -SsP1 

k'x 4S15 

1 

E 

Fran 4.3, 4.6 and 4.6 

1 
tfT -A(-LP-g)-*BSP 

Substitute for dP/dx from 4,12 giving 
1 

W    - KS? (- - k" ?) • BSP T c     — 

4.14 

I 

but 

therefore 

or 

I • 
BS 

U.V* 

T7 .u,^ 
T 0 

^ 

TL 4.15 

Substituting 4.8a and 4.15 into 4.15 gives 

t 

XT 1 »m 

« m 
i       ES P 

/BSx    x 4.16 

the solution for rotary regenerator seal leakage.    As 4.16 gives neither the 
leakage quantity tfm or the pressure gradient P vs. 2 in closed form it is 
tedlus to solve. 

Equation 4.16 msy be -written in ths form 

V 
1 
ir. 

i - 
TL 

i -3. i. 
•• #n 

T i     r 

; s /3Sx2 x 4.17 
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where r «• P/i*   and V7     •• BS P_, the displacement flow at the high pressure 

side. This equation has been used to construct the soluti-ras Graphs of 
Figs, 4-8 and 4-4 which give the leakage and pressure gradient readily., 
To use these plots enter with the known value of 

Read the quantity   ^n^n • whioh» oinee T7_    « BS P.   is known, gives TL. 
*    T, 1 x * 

Along the seme horizontal lino of constant ^/^n » the r«/r vs. x/L 

quantities oan he picked off and salved for r vs. x/L,    The critical nature 
of Hatching the ooundary oondition at x/L » 1 is such that high accuracy 
In obtaining the pressure gradient will not be realised at large v*\lues 
of BS/A. 

Equation 4.16 nay be written in the form 

AP„ 

A     "l _ ,BS * x 

l-(f)(^)rT     l-(f)(^> l-CfX^T 

which is perhaps most convenient for direct numerical solution. Values of 
AP, 

Values of (-^-)(w— V are asLtaasd, and with £ • 1, r oust be unity, and -r- 
A  •«-, A_   L **    A 

BS ^z 
may be determined *    V/ith (•?-) known   ^»- is obtained by substitution in the 

assumed quantity.    Values of x/L VS. r may now be determined,. 

Figs. 4*5 and 4-6 show the form of the solution for rm ** 40    In 
Fig, 4-E the leakage quantity for negative and positive rotatioS are shown. 
Since a regenerator nsist have the seals in pairs, one rotating with the 
pressure gradient and one against iti the net leakage will be the sum of 
the leakage from eaoh seal.    Fig. 4-6 shows net leakage plotted assuming 

-£~)   «• (•—•) •    Fig. 4-6 shows the variation of pressure gradient with 

rotation.    Fig. 4-7 shows a range of values of net leakage if   -(-T-0 • (-jp) 
for various pressure ratios• 

The effect of choked flow under the aeals is analysed in Appendix 
D. 

Choking will not occur till hi^h values of  l(-r-)l    are readied. 
BS "     WT.    w

r - 
v;

D TTith large -?- the quantity   ^F- a —w «~ 0    as H  —*~T7     that is TT_ 
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becomes mall and T7r  in the tern affected by ehoking.    Thus ehoking under 
the seal mates so practical change in the valuo of T7   under the conditions 
which oholdx^ trill occur c 

BXHBBmEBTAL UJTESTIGATICH 

The experimental apparatus described in Appendix E w»« used to 
check the leakage theory desoribed in the preoeding section.    The calibres 
ticn of the apparatus is described in Appendix £»   i'he apparatus allowed 
for variation of %, U, r. and 5, all of whioh eppear in tho dimensionloss 
leakage parameter (BS/A) and tests were conducted to verify that this 
quantity does determine the leakage flow and the form of the pressure 
gradient» 

Pigs* 4«8, 4"9 and 4-10 show the measured points and the theoreti- 
1 oal curve for r * 2# 8* and 4.    The correlation is fairly good exoept for 

at negative values of BS/i.    This may be due partly to snail extraneous 
1 f««lHI n*A     nAMMAWAH      4r«    4»T*A     A •*•% A i»e 4-% * «     ^ 4 S9V> #^«v^il vs/-•    4»t%«fc     4*1 MM    «*<M4 **.**>    -I-U-.      «*.«».«»•» *»<^w^v    ^Mwe«*^M    A**    ******    W»^*»V«BW> *•*«-»*«•    -*•«*>•» w* v»h**^2     <***>    AAW»»    v*,ui.'.v*     w*«&     aw«^ 

pressure gradients oeouring during negative retail on, and partly duo to tho 
steep gradients no longer making the assumption of amal'i pressure differ- 
ences between adjacent compartments valido    Fig. 4-11 shows the leakage 
due to olearanoe vsc BS/A,    This quantity is seen to doorease with rotation 
<T» ?^th?** d^**95ti*E.- 

Figs. 4-12 through 4-17 shoe tho measured pressures and the 
theoretical pressure gradients.    The agreement is seen to be good for 
moderate BS/A, but the measured points full short of the theoretical curves 
for large BS/A.    The correlation of different conditions with BS/A is seen 
to be good even whan the theoretical curve ic not reachedo 

The theoretical analysis seems to be verified by the experimental 
tests with sufficient accuracy to predict seal leakage and the pressure 
gradient under the seal shoes in design problems • 

THE EFFECT OF LEAKAGE ON REGBl'usRATOR EFFECTIVEnESS 

The regenerator effectiveness calculated by equation 3.8 or any 
of the references provided may be described as internal regenerator 
effectiveness, ttpr* as it takes no account at the effect of the leakage 
flow.    An analysilrby Harper and Sohsenow (12) under the assumptions of 

| Fig. 4-18(a) gives the correction to calculated effectiveness as 

(B1     (m      2 - ($£)(1 +fa) 

I This quantity is shown plotted on Fig. 4«18(b)c    The correction is seen tc 
I \«« «14frt*fc  RTV? would not  lustiiV ft more rlsorous analvais. '!» slight and would not justify a more rigorous analysis. 

g 

i 
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V. EFFECT OF ROTARY RECEE1ERATCB PERFOBUAPCE 

On G^-TURBHIE CYCI23 rERFGRUAIJCE 

In order to evaluate the offeot of a rotary-regenerator in a gas- 
turbine oyole it la necessary to consider net only the regenerator 
effectiveness but also the pressure and leakage losses ooouring due to its 
use.    Considering the gas-turbine oyole of Fig. 5-1 together with the T-S 
diagraa of Fig. 5-2 the follesriug oyole analysis has been carried out. 

Assuming oonstant speeifio heat and carrying the analysis out on 
the basis of one pound oia air compressed pe.r second, the compressor work 
is given by 

lc-1 

-1) 5,1 
C T. 
Jl(rT 

illoidag for the leakage quantity fiW/i?, the turbine i7ork is given by 

T 

5»2 

But Tm jf r   due to the pressure losses in the system.    These pressure losses 
ooour on the air and gas tildes of the regenerator and in the ducting. 
Assuming small tsJ?/P in the 'various components, the effeot of pressure loss 
luay be Introduced as a correction to turbine efficiency rather than expan- 
sion ratio (Hawthorne Ref0 15a).    Thus 

T 

5"AP 
k-i 6 y 
"k       E3  

(r^-r-D 
5.5 

I   cr 

II 

ushers 

P       P / duet      p 'H     p /e 
5.5 

Introducing 5.5 in 5.2 and rearranging gives 

ATfi W:*-fr-V>V»7 TEX  5C 4 

• i mi iimi 
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The heat transferred t.o the cycle by combustion is given by 

«-&-4,»[yw-y«:v-s<w.1 
From the definition of external regenerator effectIreneso 

7 •   x       2 
RE      T~=T£ 

or T    - T 
x       2 -7RB1<VV-

(T
2-V-

(I
3-V ] 

The tufbjjie and compressor -sort may be written 

»7 

Using 5,7 in 5.6j 5.8 in 6.6 and 5.6} and 5.6 in 5*5 gives 

5.6 

5,6 

60? 

5ce 

5.9 

For a regenerator to be considered for a gas turbine cycle, 
thermal efficiency must be one of the aosi ir.portaut factors.    Tlie cycle 
should therefore be designed to operate at or near its maximum thesmnl 
efficiency t»te*s    The cycle efficiency may be rvitten 

5.10 

If equations 5.1, 5.4 and 5.9 are introduced into 6.10, it oan be seen that 
for fixed temperature limits, leakage, pressure loss, and component effici- 
encies the efficiency of the cycle is a function of the compression ratio 
r only. For maximum cycle efficiency under given couditiaus dy /dr must 
equal zero. This differentiation has been carried out and elves as °its 
result 

,ife.S«ift»SW 
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,    • 5T 

T /    T ~ y 

'f'1 i y*i •¥      r«.      *.i 

5.11 

where 
1 - / /HE 

y-¥2f 
Equation 5,11 has been solved for a oyole operating between 60°F end 1500°P 
rrlth compressor and turbine efficiencies of 0.85 and 0.88 respectively.    A 
range of regenerator effectiveness, pressure loss and leakage loss have been 
used.    The results of these calculations are given on Figs. 5-5 through 5-7. 
Each plot- is for a given value of  v aT   and is entered with the desired 

AW 
value of ^w and jj~ •    The maximum cycle efficiency, the compression ratio 

for maximum efficiency, and the net work output may be read off.    These 
results show clearly the loss in oyole efficiency and work output due to 
regenerator leakage*    For regenerators of high effectiveness Ihe point of 
maximum efficiency occurs at a Ion compression ratio which is advantageous 
for reducing leakage loss in the regenerator.    However, the speoifio work 
output of the cycle is seen to be low at this point.    The necessity of 
keeping regenerator leakage at a minimum and of predicting the leakage 
quantity as closely as possible is made apparent by this analysis, 

S 
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VIo    ROTARY REGEHERATOS DESIGN 

In designiiig the rotary-regenerator, it -Bill be necessary to fix 
the overall matrix distensions along with the dimensions of any rotating 
duets suoh that when installed in the gas-turbine plant the desired plant 
performance trill be realized. 

A preliminary analysis of the offset of the principle matrix 
dimensions was made by Harper and ttohsenow (12 )•    This shoned that, for 
optimum plant performance there exists a best rotational speed, matrix flow 
length, and frontal area*    Therefore, for a fixed gas-turbine plant per- 
formance there nust exist an optiman set of regenerator dimensions.    The 
analysis here will be for a gas turbine oyolo of 4000 horsepower output end 
maximum cycle efficiency of 54 percent*    Figures 5-S through 5-5 of Section 
V, define a plane in TL»r|Hg»  AP/^ coordinate systen on which oyolos with 

this maximum efficiency will be found.    Aiy point on this plane can be 
defined by the quantities AP/T and AT7/TT which will be determined by the 
proportions of the rotary-regenerator (the required effectiveness being 
attained for each configurationy.    The correction to the regenerator effect" 
iveness for leakage can be obtained from Fig. 4-12b. 

MATRIX CHARACTERISTICS 

The matrix type chosen has the cocmetry found by Coppaee (7) to 
have the most favorable heat transfer-friction power characteristics. 
This matrix consists of layers of wire screen arranged perpendicularly J<-n 
the flow direction.    The mesh chosen (20 x 20) will not cive as compact a 
unit as oleser meshes, but it probably is about the closest mesh for an 
open cycle plant where combustion products must be passed. 

Matrix data* 

mesh, 20 x 20 wires per inch x 0o01 inch diameter 
io/8 stainless steel 
specific heat, o » 0.12 Btu/Lb F 

2 / S 
heat transfer area. A' » 784 ft /ft 

' oass, m1 • 82.5 lb/ft* 

hydraulic radiua, »   • 1.0625 x 10     ft 

screen thiokness * 0o02 in 

* porosity %   • 0.832 

From Fig. 6 of reference 7 the heat transfor correlation is given as 

and the friction factor curve has oeen approximated by 

f . *6 (iL r0-715 
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ROTOR TYIT 

Tho rotor type assumed is shown on Fig. 6-ia.    Here, the matrix 
is mounted in drum fom and a seotion of inlet and outlet ducting rotates 
with the matrix.    This 8.rrangement all one for small main seal shoes placed 
at the ends of the drum whioh simplifies the equalising of seel shoe thrust 
and the allowance for thornal expansion of the rotor.    It does, however, 
increase the displacement loss<>    For analysis the voids volume of matrix 
plus rotor is assumed to he five tines the total matrix volume.    The drum 
diameter to length ratio is assumed to bo 1.5, to all on spaoe within the 
drum for the internal ducting.    This rotor type also allows for the turbine- 
compressor shaft to pass through the rotary regenerator shaft, giving a 
compact plant layout.    This arrangement would be particularly desirable 
for application in a locomotive. 

Five rotor partitions are assumed to be under the seal shoe at 
one time0 Bach seal shoe is assumed to cover 20 degrees of angle. That 
is, the useful matrix volume is J520/5G0 of the total matrix volume. 

ROTARY REGENERATOR HEAT TRANSFER RELATIONSHIPS 

From Seotion III, with the assumption of equal air and gas heat 
capacity rates, the equation for regenerator effectiveness is given by 

n r o 
6.8 vl^li'^S 

where 

Here 

but 

\om\ AA 

°Ao 

9 A A 

A    p    A 

V 
T7    G    ©. A   p   A 
SAn*  ** 

604 

•^iuals the matrix volume flow rate£ and henoe, the total displace- 

ment leakage may be given by 

»A       k     '" 

ar 
v ^A     (r - 1) P& c 

6.5 
D *AV 

where T _ is the average of the air and gas temperatures occurring under 
the seal shoes} a good approximation for regenerators of high effectiveness. 
Thus, for a fixed value of T _ and the gas aide pressure P„j ,ir»    io a 

T74 AV G    ^;A 

functiun of «p and r only. 
D A'hJ*a. 

Sinoe   A " QtQ     traa. the heat transfer correlation. Equation 
P 

6„1, we can derive 

Eoaans^ BBSI 
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mm 

^              .     _ 1.50 A*       ,    u    x°'g0 

whew k. • -er • •  (J-T . ) 
HP* n? 

Equations G.5, 6.6 sod 6.7 hare defined all the quantities appearing in 
Equation 6.3. 

ROTARY HEGEHERATOR PRESSURE DROP RELATI017SHIPS 

The total regenerator pressure drop parameter,   /APN    is defined 
as KT}R 

Let 3   equal the pressure loss ratio 

V*V«f»A 
Front 6,8 and 6.9, with r • PA/PS we hare 

AP,,     R 

'VP^B 

p 
From the pressure drop formula 

rh      /o. 2g 

end the friction faotor correlation. Equation 6.2, and Equation 6.11 we 
derive frcn the r±r side pressure drop equations, 

2 
where   F., 

2 r 

o 
2e P.2 >• 

.286 

4. r     4* 

1,715 
ru u 

/.. /< x6„nT" 
A 
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Using Equations 6.12 and 6.2 for the air and ^as sides we obtain 

A 78 
°0 

3 

•      IT.      H  \ 

VG    T"J 
- p. 

0.78 

and hence 

is 

A . P 0.78 
ST    P2 

UETHOD OP AEALYSIS 

The matrix volume, allowing for the 40° of "dead" macrix 

L-TT. 

6.14 

6.16 

„ ,       560 .     /-,     .  e   \ „ 530      it A  /,    .  1     \ Vo1 "ISGhi ^
S

A * V " s!o 77- (1 *T7TB) 
2 

and on using 6.4,  8.6,  6.7 and 6.15 gives 

6.16 

7ol 
560 
520 

W. 

rAP 
VP ^R - 

>s»s*w X«MW 

[« • 6.17 

vfhere 
r-   ,0.28 r 0 .rfil.28,. .78 "I 

6.18 

and F_ • function of r and S only if T /P is assumed nearly oonstant< .%      __ . .       _ _p        „  ~~    A'   G 

Since the volume. Equation 8.17 is defined in terms of A. TT .„ 

(4f"X, &nd F   and sinoe (\ , tr»  (-£• )R and r are defined for a given regenerator 

design* the minizzua relume will ooour whore 

dP_ 
 © * " 0,    r - constant 6.19 

Equation 6.19 was solved for R_ over a range of r.    Thus, for a given value 
cf compression ratio, r, the    ^functions P., Fg and K   have a given constant 
value. 

The matrix passage length can be derived as 

The total frontal area of the matrix is given by Vol/i*- and the air and gas 
side areas can be obtained from Equations 6.15 and 6U2^$. 

wmmmmm MI a— 
tiiK 



f 

22 - 

RESULTS OF ANALYSIS 

The results of the preoeding analysis are shown on Figc 6-J 
plotted against AT7/W as a parameter..    All points on these design curves 
define a regenerator which will give the gas-*burbine plant analysed in 
Section V the desirod output and efficiency*    In addition* the gas side 
to air side pressure loss parameter as defined by R , has taken on values, 
throughout the calculation of these curves, that gi% minimum matrix 
volume &8 determined "by Equation 6,19.   TThlle the results are plotted 
against &T/R which is a convenient parameter,  and one of the principal 
quantities investigated in this report, they could have been transferred 
and plotted against one of the dimensional quantities*    rotor diameter£ 
rotor RHJ,  or number of layers  (passage* length )e 

Pig. 6-lb gives the matrix volume for various pressure 
drops through the regenerator.    A constant AP/P » 0,03 for cycle ducting 
has been assumed.    A minimum matrix volume is seen to occur at &T7/A7 • Co 035 
and (AP/F)    » 0t05tt 

Pig„  6~lo shows the regenerator diameter which is perhaps 
a more significant measure than matrix volume.,    This minimum occurs at 
AW/7 • 0.05 and (AP/P)R • 0.09, however, there is no significant differ- 

ence in diameter between the minimum for (AP/p)n « 0.05 and 0o09o 

Fig.  6-ld gives rotor RPT.1 which lias a value of about 30 at 
minimum diameter,. 

Fig. 6-le shows the number of screen layers required in tho 
matrix,  and is a measure of the matrix length in the flew direction,, 
(the radial direction). 

Uit-h the rotor type here analysed, the main seal shoe length 
is short compared to the rotor voids volume, hence, even for clearances 
of 0.003 inches under the seals the leakage parameter BS/A is large    This 
indicates that the displacement leakage constitutes almost the entire 
regenerator leakage,, 

In conclusion, this design study of a 4000 horsepower gas— 
turbine plant incorporating a rotary-regenerator shows that this type of 
heat-exchanger can attain the required effectiveness within, a small spaeeo 
Careful design of plant layout and duoting should enable this type of plant 
to be incorporated in a locomotive, or in small ships. 
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VII0    REDUCTICU OF LEAKAGE PI TIE RCTARY-RBGEffiiKATqB 

The amount of leakage in the rotary regenerator when applied to 
a gas turbine oyole has been shows to be Intimately connected with the 
design of the oyole components,.    That is, an increase of leakage at the 
optimum design point decreases the work output of the oyole per pound of 
air compressed at a greater rate than the leakage increase.    Thus, all 
the components of the cycle must acoomodato an increased flew rate.    To 
attain a given cycle efficiency, the regenerator leakage also requires 
an increase in regenerator effectiveness, and henoe its sitec 

IlETnODS  OP REDUCING LEAKAGE 

10    Clearances «• 

If the internal structure of the rotor-matrix combination is 
such that the volume flow rate during rotation is small (as with seals 
bearinr, directly on the matrix passage ends), i.e<> small BS/A„  reducing 
B6ui   BUCO   Ox6wi"tui06   *xu   i~?*~~   gCOu  rS3Uj.w3.;      »»CWGTS~,   as  this   typS   O* 
regenerator will have very large seal shoes small clearances may be 
voided by thermal distortion,. In addition the forces required to support 
large sealing areas against pressure may introduce distortion on long 

i seal shoes, and excess seal loading will cause high frictions! forces 

If the structure of the rotor matrix combination creates large 
volumetric flow rates, henoe, large displacement losses, i.e., large 
BS/A; olearanoe, within limits, has little offeot on leakage flow. This 
is the type of rotary regenerator where there is rotating ducting and 
very small seal shoes as in Fig. 6-1. 

2. Seal Length - 

If the 3eal length is reduced in order tc reduce the flow 
passage under the clearances the configuration of the rotor is forced 
to a type with large rotational losses.    Thus, as the seal length is 
reduced, the leakage due to clearance becomes negligible and the dis- 
placement losses increase. 

5.    Rotational Speed - 

| Reducing rotational speed below its optimum value for a given 
{ effectiveness, increases rotor size and the sealing olearanoe length at a 

greater rate than the deoreaae of displacement leakage and results in 
increased leakage.    Increasing the rotational  speed above its optimum will 

! oav.se large and rapid increase of leakage due to displacement effeots. 
| 

4o    Reoovery of the Displacement Loss 

TTith small  seal shoes the problems  of seal clearance,   support, 
and friction oan be oouveniwritly bAuiix<5d<,    JlGwevsr, as pointed out already^ 

I  . small  seal shoes will dictate the use of rotating internal duoting and 
large displacement losses.    Any method to reduce the displacement loss 
will enable the use of anall  seal shoes and higher rotational 3peeds with- 
out increase of the totfl leakage flow« 
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CROSS COinECTED SEAL SHCES 

Rotary-regenerators with small clearance areas (snail seal choes) 
and large? rotating volumes will establish large values of the leakage 
parameter BS/A,    Large BS/A cause large differing pressure gradients under 
the 3eal shoe pairs.    The pressure gradient where the rotor rotates into 
the high pressure region is low,  and where it rotates out of tho high 
pressure region it is high.    Thus, if a pipe or series of pipes •were 
oonneoted between ported seal shoes, the pressure gradient would be equal- 
ized between shoes at each pert.    It can readily be shown that as 
BS/A-*- OO the pressure gradients become stopped at each port, and that 
for this case the leakage is given by 

^C        - -1 

2        p 

where H    is the number of ports*    Thin will give adequate results for 
.      P 

BS/A > 10 providing the ores? oormaoting pipes are sized to rive negligible 
pressure drop* 

Fig. 7-1 shows the results of an experimental test af a ported 
seal  shoe set in the range 0 • BS/i "6,    The percent leakage curve shows 
that no effect is eb*ai3»d >>«leo & value of BS/A • 1.  and then, with 
increased BS/A tho leakage is approaching the asymptotic wi.lue given by 
Equation 7.1„ 

The measured pressure gradients graphically illustrate the 
equalization of tho pressure between shoes at each port0 

From Equation 7.1, or from Fig. 7-1,  it is dear that the success- 
ive reduction of leakage beoomes less with eaoh added connection.    Thusa 
more than three or four cross connections between seals would not be 
warranted. 

VIII.    COBCLUSIOHS AUD RBCOIIEIIDATIOTOS 

I. .In the preceding Seotions the rotary regenerator has been analyzed 
in detail with respoot to its application in a gas-turbine oyole.    This has 
shown that- even though a definite small leakage betneen high and low 
pressure sides must exist it will not detraot from tho size advantages of 
this type of heat exohangero 

An analysis end experimental investigation of seal leakage in the 
rotary regenerator has been described.    The theoretical results are quite 
adequate for seal design purposes.    The method of reducing the displacement 
loss by cross-connecting ported seal shoes is shown and gives eaaoiderable 
practise* 

A rotary-regenerator has been sized for a specific gas-turbine 
plant requirement.    The effeot of choice of pressure drop and leakage rate 
are shown by design point curveti.    A suggested plant layout is presented 
to enable visualization of the spaoe requirements of the rotary-regenerator. 
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A corners! oonolusion may be drawn that  the best overall rotary 
regenerator arrangement will hare a rotor containing the matrix and a 
syst ,ri of rotating oompartmented duets loading out to small seal shoes. 
The seal shoes oan be pressure balanced by a diaphrem or pis ban which ©an 
be pressurised by a port in the seal shoe itself.    The location of this 
port along the pressure gradient will depend on the seal area aad piston 
area,    This loading force should be just sufficient to keep the seal in 
olose oontaot with the rotor compartments, but nob to cause excess fric- 
tion*    if the seals aot on opposite faces of a drus. type rotor, thermal 
expansioa of the rotor will not result in great difficulties.    As suoh a 
rotor will contain largo rotating volumes a system of seal  porting and 
cross-connection should be used to minimise leakage.    This general 
arrangement with the matrix mounted in a number of separate compartments 
would facilitate provision for separate removal and replacement of matrix 
elements. 

RECaiEIlDATlCES 

Tho work of Coppage (7) has given adequate heat transfer and 
flow friction data for matrix forms.    This report has oovered the prob- 
lems of seal leakage adequatelyi providing the ouube? of ocuparwaeutB 
under the soal av one tine is greater than about six or oight.   While 
the results oan probably be applied with fair aoouraoy to leakage for 
fewer comportments under the seal, the assumptions of the analysis are no 
longer valid and the pressure gradients will no longer apply.    Finite 
difference methods should be oarriwd out £or this »»««•    The effooto of 
oross-conneoted seal shoes have only beer., analyzed for large values of 
the leakage parameter, 3S/A, where it it most useful.    Additional analy- 
sis oould be oarried out to obtain a result for BS/A between 0 and 10o 

The preoeding recommendations for further work are somewhat de- 
tailed.    It would appear that the most fruitful next step would be to 
design en experimental rotary regenerator of convenient size and con- 
struction.    Among the desirable properties would be to arrange for intor- 
ohanging matrix elements.    This would allow actual regenerator tests with 
varying matrix configurations, along with tho other variables of 
rotational speed* flew ?ate- and temperature levels.    The sealing design 
would also reveal asy problems that have not br>en apparent in an idealized 
study of sealing alone. 

si 
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APPSHDH A 

BFTT5CT OF PASSAGE DIAMETER ON HEAT EXCHANGER VatJME 

For the triangular passage of Fig. 2-la a flow friction and heat 
transfer correlation was obtained from. Fig. 16 of Eaye* London «ad Johnson 
(16), f«,f the leni-iar flow range0 as follows. 

< w2/8 - ••* (v"0#68 

* f - 4*60 (H^)"0*77 A.S 

Assuming perfect gecmetry of the triangular pelage, the equivalent diameter 
is £1, where X is the center to oenter plate spacing and Q  has a -value of 
0.656*    The fraction of frontal area avail able for flow is £   where f   has a 
value cf 0.80. 

Assume the following conditions for the heat exchangers, whieh 
are typioal of those found in a gas turbine cyole.. 

*   A        r   0 

T      - 860° R     *      . 1600° E 
JL TL 

T1     « 0.80 W   - W•   m 45 */see A.S 

From the definition of effectiveness, is derived 

T.    - 1462°R,    T-    - 1008°R 

AIJJ • 148° A.4 

The Plate-Fin Cross»Flow Heat Exchanger 

Using the dimensional notation of Fig. 2-la, the Fanning 
equation for the air side pressure drop may be written 

L 0 2 

AP. - 4 t. rr' • •• • A   - • A.6 rA^>A.2g 

I and using 0   .__ A.S 
3; e       i* - 

and defining R   - #)5/(^)A A.7 
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| toE^t-h***' with equation A»2 gives 

r 
I where the quaBtlttos In k,  ore constant and have boeu evaluated at mean 
| temperatures where applicable <>    Prooeedinc similarly we hare 
j 

1 L0 - - » °»*8 A 9 

I; 

| hA *    J>.4*,  6-tf A»10 

| **       UQ 

hA k4 

Fran the Betrtou relation 

q - UATA^ 

•where T • oross flow factor 

U - h^(l • ^) 

A « 6LAI^I£ 

where  £ is fin effectiveness* and assumed oonstant and equal to 0e80j 
together with A.10 and A.ll we derive 

0.68 .0.68 
• L.L H 

Uajjag A. 8, A. 9 and A,12 

H 
P 

i F,(H ) 

t -W 

As13 

As* 

mad iTom A.» 

A        5    p    « 
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The volume is Given by L L • 2Hr 
A 0 

TT ,      i ?2    (V VV?   !•«     „/„   >    1.65 Vol -   — «-* =   F   ( x » F(R ; x A.16 
L    F °'Z  (H )     J P 

1       p 

Far mininua volume for a fixed plate spacing* the value of R   for F(R > a 
mln5r.um, was determined and found to be about unity* P P 

AP AP 
That-  is (*£*)„ •• ^ZTK  for »i»3jBum volume„ 

VTith R   • unity equations A«15 through A.16 were used to determine 
the solid curvesFof Fig. 2-1. 

Rotary Regenerator with Plate-Fin Type Surface 

Proceeding in a similar manner as above, but using the notation S 
for matrix frontal area, henoe 

5A? A    1 A   ^. c       AS; 

we can derive 

SA      .      - O.B13 

hA "   0.B8 " OS 
X          SA 

p 

A.l? 

Pram Section in ne have 

P 
»here     A» - - ft"1, m* * SS ^ft5 

AA   S 
"D *hsro T7   ia the displacement leakage and 9r° ie» ttiian as 0„02. 

A 
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Proa the relationships A.l? and A.18 are found 

A        4   p 

h m V\* P 

aal irom A.17        S. » F.(R )3 A.19 
w O      p      JJ 

Allowing 40 degrees of dead rotor for sealing 

.a§»  (a )fi • r -;a )> (a v1'656 
52C   o     pi- o   » 4 4   p 

- P(R )xUe55 Ao20 
P 

wore   one VEUUO oi  a    IOT nrnnmin  r   \a   / is «v.   liani  is 
P P 

,AP\    _ ,rt  /APi 
XP   3 Pi 

-•*•»••   "•» —    •* w    uijuavAWUB    **•*.«*     ni»ii     «*#««w    v*w* **     BWAfQU    AW*      wim    UWUVW 

curves of Fig,    p2-l.    For drum diameter it -was taken that the drum length 
and diameter were equal.    The value of R   • 20 gives S_/s   - 1.22, the 
ratio of the gas to air sides of the «>2«aerato?<> 

APPENDIX 3 

THE STRAIGHT TliSCfUSK LAEYSJHT2 

The leakage flow between the seal shoe and the partition or 
passage wall of the rotor is assumed r.o aot as an orifice.    See Fig. A-lc 

The flow aquation through the clearance o may he written 

V^n + 1)* - V2 

 a-C    (T    - T,       .) B.l 
2g P»       (n+l)1 

where V,      .f is at a section a*; where the pressure equals ?      .    Generally 

the kinetic energy of approaoh to the nth olearsnoe will be a function of 
c *2 

«¥• »  (s*") . an4 a»    Assuming that V     and V,    . .    are of the same order of 
A   *   Iga'j 9 n» (n^l)1 

%W ' " <f • "} 
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or <sk • ' £w • 

0.8 

v2ga ^2s'(a*l)» 

where ? • f • (-^-3 a) 

Introducing B02 Into B.l 

i %w(i-p)-vvw} 

Vfcl)' "FlCp(*«'T(irtl)«) 

where P, - l/(l-F} 

For an adiabatio expression       ?/P    • C 

thna to* 

But P,   _ \« • P 
(a*l)a       n*l 

Expanding     (-f^)       • (1 • rf) k » where AP - P +. - P 
a 

by use of the binomial expansion gives 
k-1 

a a a 

Hiieh when introduced into equation Bt? gives 

N&g'fe+l)1 "1   p   a   k     P_     2k   P ' La n 
p 

Sinoe this formula is valid only for   ~L > 0.68 that lit <^< 0,47. 
2 n 

AF > JL(i£},    and the squared tana will cw neglected. n 

I P 2k^P 
; a* ta ._ 

!* The equation of sontlunity fcr the jet glues 

XT   - (pA7).       , B„4 
n (a*l)» 

I] 

! pj 

J ._.  . -  -  
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The density /o^ *• obtained from 
1 

Part 
which when expsiuded giro* 

51+1 S 

/°n        „      1 AP   . fc»l ,AP^2 

<°n*X k  n    Zkz   \ /°a*l 

Again negleoting the squared term* and rearranging give a 

Pn+l " ~     TM~ 
*Pn 

or 

p n*l .     2 AP 
1 " k P 

n 
Introducing B.S and B.B into B.4 

n 
f   28/0. 

2 

rxr 
P.HI AP 
1   a 

U«kP- 
- P.  2g P   AP [- r    jjg r   AT 

kP     J 

1 

B.6 

Introduoe a coefficient oCauah that *o{.- a* nhers a - La «8, the diaenaioaa 
of the clearance. 

.r-v« 
«L 

p » l 
B I 

X 

B.6 

Equation B.6 has been solved by Egii (ref. 9a) to give the floe through a 
l«byriafch seal* 

^g     P 2 - P 2       " ' a. -(*• »u-   1ST" 
w      O 

2 

a • lnr=- 
r2 

1 B.? 
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In this solution Egii uses 0 • f(— , n) =\*,» tub wu-z-y-over coefficient 

I   , for tho strai/sht through labyrinth and has obtained experimental values of 
for a range of   o/A and n under the assumption of oonstant flow ooeffioient 

I ~<-£or ail the orifices. 

Using a 
as deterfflinod 

X, 

g a " OL   the clearance area and the carry-over ooeffioient 
by Egli*(Fig. B-2) equation 8.6 nay be written 

8 

2  AP 
If the term ^"*r is considered small compared to unity 

~"'n 1 
W   -otUoL ! ^ - p    AP|^ B.9 

n 8Lsr        a    J 
which gives for a solution of the labyrinth problca 

- 2    2 — 

w.*r6Lt[^-i-li] B.IO 

:                            Comparing the approximate solution of equation B.10 with B.7 gives 

j f[ 5—"J 

1 * 
2a        1' 2 

Thus for the approximate seluticr* to be valid the a&tural log of the 
pressure ratio pjA«s dlviJsd by twice the Huaiber of throttlings n 

must be small oompared to unity. 

APPENDIX C 
s 

I EFFECT OF PASSAGE 8BSISTAHCE 
I • 
| In the analysis of rotary regenerator seal leakage given in 
(• Section IT, the assumption was made that the real stance to out floss froa 
| a matrix passage or ocmparfcment, during its traverse of the seal shoe. 

could be nsgissted.   That is, the pz53£u*v at «*uor poiut within a matrix 
passage was taken as equal to the pressure in the pnesage end at the 
seal faoso 

To verify this assumption* a simple conservative, analysis 
wai made.    Assuming the passage resistance to be oonoentrated at the exit 
to a ohaabor of velurw equal to the pasaagc volume, the equation for out- 
flow under a sudden pressure release gives 
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P " PB «t A 
-—     • •     ' Col P    • ? 

•where 

k - 
*« 'B   D "Re 

and    L • cue half the total passage length* 
The naxfamri passage _± in a gas turbine oyole rotary regenerator is likely 
to be about 500. i.eP   L/D here equals 260*    For this ease the pressure in 
the passage (ohamber) will fall 90 peroent of the total pressure drop in 
about .002 second*.    This is sraoh a shorter time than the minimum of about 
0.02 seconds to traverse a seal shoe*    Thus, v» may consider the assumption 
of no internal passage resistance as valid. 

If in same particular application the passage resistances were 
higher a sealing analysis could be carried out using finite difference 
methodSe    However, the work required might not 'be justified as the intro- 
duction of high passage resistance will bring the total leakage closer 
to the sum cf stationary leakage plus displacement loss. 

APPENDIX D 

CHOKED FLOTT UHDER THE SEALIIJG SHCB 

*i«»   no»   i«UQ   wuuugu   m.  OJWHH.V   uriAiwc   RUI   nwu  a MM mrum, 
or choked value, when the sonic velocity is reached in the ccstraoted Jet. 
The orltloal pressure ratio at whioh choking occurs is given bs 

k 

•ft - (—) D.l 

The value of Pj/fcg for air, k • 1*4, is 1.89.    Since dp/dx and d^p/dx2 

are negative for positive rotation, choking can only ooour in the last 2 
restriction.    For negative rotation, sinoe dp/dx is negative and drp/dx 
is positive, choking will ooour la t«» fl?at ^ostrlotion.    This oonditicc 
will be reached in the seal leakage passages for \BS/A\ large and n snail* 
For a given case, for \S\ large and n small*   To determine if, for a given 
BSA, choked :fiow has been reached, the leakage equation is solved for 
B_/AP .    For positive rotation (BS/A • *) it is next solved for x/t wita 

p/p   * 1*89 and if x/L > n-l/n choking has occurred. .For negative rotation 

(BS/A • «), x/L is solved for with «p- - ^ • £- - _J1^|   and if x/L < \ 

choking has occurred. 
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Solntlona for teakage If Choking hag Ooonrrea 

The equation for flow rate through a choked restriction may be 
derived a« 

L        °a   o! «r      k*l   Tc+x       j o 

which* for air k • 1.4, reduoee to 
1 

WL - 0.488ot^LtPo(^-f 
o 

Positlre Sotatlont - 

Since the choked flow occur* at — « —— we can write 
U XL 

w_ - W- • w 
T       D(n-i;       L(n-l) 

where 

and   R. is given by D.5 
L(a-1) 

thue 

Of   - » BSFf^ * -Va-V a ladJ   _ 
BEP(iri) • •uwuuar(M}4|) 

Sinoe A -CcK^L (^~) 

D(n-1 
A 

4. • 0»489fn  73 

or 
i 

1 • 0.46SfS/(~) 

1 

D.8 

W_ «• 8SP,    , . D.4 

0.6 

D,S 
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Froa the leakage solution D,    . » 
i (a-1) l - w '     ' f 9 

I * «n        3 - (B3J   »* 

I' -5 -V   i.& A » 

i ^T 
using D.6 to give 

BS 

Vrf1'' - ————— • 1 - fn rjr 

T *o.48sva"    / \     A     > / 
» u**l i      0.488fn /     iS w        «s     ^1 

— + II (l - «T' • sr5 

o.4wya"    /\     A    wt 
,BSsZ n-1 

* ...    J • 
OUSTS ?-_, is tins uaiy umcuown lor a given oase«    t<xcn ««_ aecerainea equation 

D.7   m*« be solved for the pressure gradient for P, i Pi P,    _ . giving 
x ln-1; 

values of 0 - 7* - *--— • 

|! negative Rotation 

, I Say© the choking tTill oocttr at the high pressure end of the 
••'%'• shoes    Jrea equation D.6 m 
il TT 

i £—1— 
t **     BS/A 

For this case the leakage solution becomes 
I 

BS AP 

1.J§.f2i V0.48Sf5      '\       A      "T /       A 0.48815 __ 
* " A      W 

x D*8 
which may be solved for W 

T 
I flow, with W   detenalaed 

^n— . fa — 5l    . ,'H) (1  . 5>      D.S 
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May be solved for the pressure gradient in the range* 

1 . x . i 
n     L 

P     - P - Pw 

*X 2 

APPBHDIX g 

DESCRIPTION GP APPARATUS 

The diagram of Fig. E-l shows the method used to oarry out the 
regenerator seal tests and to reoord data. 

The rotor passages were laid out on a olrole eight inches ir 
diameter, the section of the compartments being ene inch vide at the seal 
face and two inches deep*    The compartments wre spaced at three degree 
intervals around the rotor.   Figure E-S shows a general Tien of the rotor 
end the underside of the upper assembly.    Loss of air to the outside was 
prevented by two inch vide mating faces on either side of the oompartmentso 
The upper assembly WRS spring loaded against the rotor.    The spring foroe 
being adjusted to balance the air pressure underneath the upper assembly. 

Figure B-2 is a general view of the apparatus layout.    The 
electric motor, with variable speed pulley, drives the roter through a 
four step pulley set* a worm reducer ai*i chain drive.    The drive gives a 
osstinuous variation of rotor speed of ten to one*    Since there is only 
one test seal shoe, the electric motor is reversed to nuBulate positive 
or negative rotation seals* 

Figure E-4 shows the three test seals used*    These shoes, 
being of different angular lengths, enable tests to be run with the number 
oT sealed passages (a) equal to 8; l? a* 16.    Tha al«aranoe between the 
seal shoe fade s=d rater was varied ever a range from O.OGL to 0.009 inches* 
Figure E-6 shows the statie test pieoe used to calibrate the apparatus and 
to determine the flow coefficient under the individual restrictiaes. 

Method of Obtaining Data 

Preliminary data was obtained by connecting the etstlo test 
piece (Fig* 3*5) to the air supply, manometer connections, and metering 
system of Fig* 5-2*    A given pressure ratio was applied aoross the test 
section sad air flow readings taken*   This was done for a range of 
cuearenoes by changing the gaskets and shSios between the statie teat piece 
htOhrea*    The statie test pieoe originally had 1? partitions•    These were 
removed in steps of four and the above procedure repeated* 
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The main tabb section (Figs* E-l and E-S) was now connected tip 
and flew readings taken, with the rotor stationary, crrer a range of seal 
shoe elearanoee in order to calibrate the unwanted leakage past corner* 
and small cracks inherent with the use of an adjustable interchangeable 
seal 8hoe„ 

ith the calibration complete, tests were 
rrade for various rotor speeds* shoe lengths, clearances, and pressure 
ratios as recorded in Section IV, 

Du*ing tests the pressure woe equalized between P« and P_ of 
Figure E-l*    Thus, the total leakage measurement was the sum    of the8flow 
•aeter reading plus (or minus) the voluaetilc flow rate at oonstant pressure 
between P, and P_.    The pressure P   was adjusted by controlling the flow 

out of that section or if necessary by introducing air from the air supply 
tank* 

The supply air pressure was held const tint by an adjustable 
pressure reducing valve*    The metered air was measured in either of two flow 
meters giving a flow measurement range of 100 to 1.    The pressure P.  and 
the seal shoe pressures were measured on 106 inch mercury U^tubes*    The 
pressures P„. Pg and the flow meter pressure were obtained on 40 inch 
water U-tubcs* 

The rotor speed wsis obtained from revolution counter readings 
and a tisio period reading* 
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